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Abstract –Spectrum, radial wave functions at origin, decay constants, weak decay widths,
life time and branching ratios for radially excited conventional and hybrid Bc mesons are derived
within non-relativistic quark model framework employing Schro¨dinger equation by shooting
method. Calculated results are compared with available theoretical results and experimental
observations. This work may help in identifying the new discovered Bc meson states at CDF
,LHCb and ATLAS.
1. INTRODUCTION
Bc meson consists of different flavored heavy quark–antiquark pair. It cannot be annihilated
into gluons and can decay through weak interactions [1] [2] [3] only. Due to these characteristics,
Bc meson is considered a stable meson with narrow widths [4].
Bc meson was discovered in 1998 at Fermilab with mass 6.2749 ± 0.0008 GeV [1]. After
decades of ground state Bc meson discovery, ATLAS Collaboration observed a peak for mass of
excited state Bc meson at 6.842 ± 0.009GeV[5]; however but LHCb Collaboration [6] observed
different results. Recently, CMS Collaboration [7] observed two peaks for the excited states of
Bc meson, B
+
c (2
1S0) and B
+∗
c (2
3S1). The mass of B
+
c (2S) is measured to be 6.871 ± 0.0012 ±
0.0008±0.0080 GeV [7]. A mass difference of 0.0291±0.0015±0.0007 GeV is measured between
two states [7]; however exact mass of B+∗c (2S) is still unknown.
Theoretically, a variety of techniques are available in the literature to study Bc mesons like
quark potential model [8]-[18], QCD sum rule [19]-[22], the heavy quark effective theory [23],
lattice QCD [24]-[26] and Dyson-Schwinger Equation [27] .
Meson under study (Bc) may be conventional or hybrid and may be identified through their
masses and decay widths. Hybrid Bc mesons are studied in ref. [8] [21]. In this paper, non-
relativistic potential model and its extended form is used to find masses and radial wave functions
at origin for conventional as well as hybrid Bc mesons using Born Openheimer formalism and
adiabatic approximation. Decay constants, weak decay widths, life time and branching ratios
for radial excited states of conventional and hybrid Bc mesons are calculated using these masses
and | R(0) |2.
Potential models used for conventional and hybrid mesons are discussed in the Section 2 of
this paper which were further used to calculate masses and radial wave functions at origin for the
ground and radially excited state Bc mesons by solving the Schro¨dinger equation numerically.
The expressions used to find decay constants, decay widths, life time and branching ratios of Bc
mesons are written in Section 3. The results are discussed in Section 4.
∗E-mail: nosheenakbar@ciitlahore.edu.pk,noshinakbar@yahoo.com
1
2. Potential Models for Conventional and Hybrid Bc Mesons
To study the properties of conventional Bc mesons, following potential model[4] is used:
V (r) =
−4αs
3r
+br+
32παs
9mqmq
(
σ√
π
)3e−σ
2r2Sq.Sq+
4αs
mqmqr3
HT+(
Sq
4m2q
+
Sq
4m2q
).L(
4αs
3r3
− b
r
)+
Sq + Sq
2mqmq
.L
4αs
3r3
.
(1)
Here, αs, b, mq, mq and HT are the strong coupling constants, string tension, mass of quark,
mass of anti-quark and the tensor operator respectively. Here mq and mq are the masses of b
and c quarks, so can be written as mb and mc. Tensor operator is defined as:
HT = Sq.rˆSq.rˆ − 1
3
Sq.Sq, (2)
such that
<3 LJ | HT |3 LJ >=
{ − 16(2L+3) , J = L+ 1
+16 , J = L ,
− L+16(2L−1) , J = L− 1
(3)
Here, L is the relative orbital angular momentum of the quark–antiquark and S is the total
spin angular momentum. In this paper, properties of Bc mesons are study for pseudo scalar
mesons (i.e. L = 0). For L = 0, spin orbit and tensor terms are equal to zero [28].
To find the mass of Bc mesons, numerical solution of the radial Schro¨dinger equation
U ′′(r) + 2µ(E − V (r)− L(L+ 1)
2µr2
)U(r) = 0. (4)
is found by employing the shooting method. Here U(r) = rR(r), product of interquark distance
r and the radial wave function R(r). At small distance (r → 0), wave function becomes unstable
due to very strong attractive potential. This problem is solved by applying smearing of position
coordinates by using the method discussed in [29]. Parameters (mq = mb = 4.733 GeV, mq =
mc = 1.3841 GeV, αs = 0.4035, b = 0.18, σ = 1.0765 GeV) are obtained by fitting the meson
masses with corresponding experimentally known masses. Mass of the bc state is obtained after
the addition of constituent quark masses in the energy E. Mass of pseudo-scalar and pseudo-
vectorBc meson states are reported in Table 1.
To study hybrid mesons, potential model for conventional mesons (mentioned above) is ex-
tended by considering an additional term ( c
r
+A×exp−Br0.3723) [30]. Parameters A = 3.4693GeV ,
B = 1.0110GeV , and c = 0.1745 are taken from our earlier fit[30] to the lattice data [31] of the
parameters of the effective potential form corresponding to the first excited gluonic state. For
hybrid mesons, radial Schrodinger equation is written as:
U ′′(r) + 2µ
(
E − V (r)− c
r
−A× exp−Br0.3723 −L(L+ 1)− 2Λ
2 +
〈
J2g
〉
2µr2
)
U(r) = 0, (5)
Here, Jg is the gluon angular momentum and Λ is the projection of gluon angular momentum.
For the first gluonic excitation,
〈
J2g
〉
= 2 and Λ = 1 [31]. The masses of hybrid Bc meson states
are found by solving the above equation by shooting method and results are reported in Table
2.
3. Decay properties of conventional and hybrid Bc Mesons
3.1. Decay Constants
Decay constant is an important characteristic of mesons. Decay constants (fp) of pseudo scalar
and pseudo vector mesons depend on |R(0)|2. Following Van-Royen-Weisskopf formula [32] is
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used to find decay constants.
fp =
√
3|R(0)2|
πMp
=
√
12|ψ(0)2 |
Mp
. (6)
where Mp is the mass of the corresponding Bc meson. By incorporating the first order QCD
correction factor, the decay constant can be written as:
fp =
√
3|R(0)2|
πMp
(1− αs
π
[△− mQ −mQ
mQ −mQ
ln | mQ
mQ
| ]), (7)
where △ = 2 for 1S0 mesons and △ = 8/3 for 3S1 mesons. Decay constants for conventional
and hybrid mesons are reported in Tables(3-4).
3.2. Weak Decay
According to the spectator model [2], Bc meson decay can be divided into three classes (i) b-
quark decay having c-quark as spectator, (ii) c-quark decay having b-quark as spectator, (iii)
annihilation decay of Bc meson. b-quark and c-quark decay widths of Bc meson can be calculated
by following expressions [2][4][16]:
Γ(b→ X) = 9G
2
F | Vcb |2 m5b
192π3
, (8)
Γ(c→ X) = 5G
2
F | Vcs |2 m5c
192π3
, (9)
where | Vcb | and | Vcs | are the cb and cs elements of CKM matrix. I used | Vcs |= 0.9736 and
| Vcb |= 0.04214 taken from PDG [33]. GF is the fermi constant and equal to 1.166×10−5 GeV2.
With this data, i calculated the partial decay widths as
Γ(b→ X) = 8.669 × 10−4eV, Γ(c→ X) = 5.497 × 10−4eV.
Annihilation decay for pseudoscalar Bc meson states (conventional and hybrid) can be cal-
culated by the following relation defined in [2] [4][16]:
Γ(anni) =
G2F | Vcb |2 f2bcMBcm2q(1−
m2q
M2
Bc
)Cq
8π
, (10)
where Cq = 3 | Vcs |2 for cs, us and Cq = 1 for ℓυℓ where ℓ = e, µ, τ . In the present paper,
annihilation decay is calculated for τυτ and cs.
Total decay width can be roughly estimated as the sum of b-quark, c-quark and annihilation
decay,i.e;
Γ(Bc → X) = Γ(b→ X) + Γ(c→ X) + Γ(anni). (11)
For conventional mesons, decay widths for Pseudo scalar Bc mesons are reported in Table 5,
while Table 7 contains the decay widths for hybrid mesons.
3.3. Life time
Life-time(τ) of conventional and hybrid Bc mesons is found by following relation:
τ =
h¯
Γ
(12)
where h¯ = 6.582 × 10−25 GeV.sec
3
3.4. Branching ratio
Branching ratios of b-decay, c-decay and annihilation decay are found by taking ratio of corre-
sponding decay width to total decay width. i.e,
ß(b→ X) = Γ(b→X)Γ(Bc→X) ,
ß(c→ X) = Γ(c→X)Γ(Bc→X) ,
ß(anni.) = Γ(anni.)Γ(Bc→X) .
(13)
4. DISCUSSION AND CONCLUSION
Based on nonrelativistic potential model, masses are calculated for the ground as well as
radially excited states of conventional and hybrid Bc mesons and reported in Tables (1-2) along
with the experimental and theoretical predictions of other works. The results reported in Table
3 illustrate that radial wave functions at origin and decay constants for conventional mesons
are decreasing toward higher radial excitations. But the situation is reversed in case of hybrids.
For hybrids, radial wave functions at origin are increasing toward higher radial excitations.
Pseudoscalar Bc mesons have higher values of |R(0)|2 and fp as compared to vector mesons.
It is observed that hybrids have lesser value of decay constant than the conventional mesons.
Decay width, life time and branching ratio of conventional and hybrid Bc mesons are reported
in Tables (5-7). In Table 6, conventional 11S0 state decay width, life time and branching ratio
are compared with others. It is observed that my calculated life time is more close to the
experimental result[33] as compare to others theoretical works. Branching ratio of b-decay, c-
decay and annihilation decay for conventional meson are also very close to others theoretical
results [4]. For conventional Bc mesons, branching ratios of annihilation decays are very small as
compare to b-decay and c-decay. In case of hybrid Bc mesons branching ratios for annihilation
decays are less than 1. This show that annihilation decay is rare for Bc mesons. The agreement
of results with others work shows the validity of my method. Using the extended potential model
for hybrids, decay widths, life time and branching ratios are predicted for the hybrid Bc mesons.
It is observed that hybrids have less decay widths as compare to conventional Bc meson. From
these results, i conclude that hybrid Bc mesons are more stable than conventional mesons with
the same L and S. This work may help in recognizing the higher states of Bc mesons that will
discover at CDF detector, LHCb, and ATLAS.
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Table 2 Masses of ground, radially, and orbitally excited state of Bc hybrid mesons;
Meson JP My Calculated Mass
State Mass, GeV [8],GeV
(13S1) 1
− 7.410 7.422
(11S0) 0
− 7.4026 7.415
(23S1) 1
− 7.7081 7.654
(21S0) 0
− 7.6999 7.646
(33S1) 1
− 7.9854 7.874
(31S0) 0
− 7.9779 7.866
(43S1) 1
− 8.246 8.082
(41S0) 0
− 8.2392 8.075
(53S1) 1
− 8.4929
(51S0) 0
− 8.4869
(63S1) 1
− 8.7287
(61S0) 0
− 8.7233
Table 3 Radial wave function at origin and decay constant of Bc mesons .
Meson JP My Calculated |R(0)|2 without correction with correction fp fp fp fp fp
State |R(0)|2, GeV3 [9], GeV3 fp, GeV fp, GeV [9], GeV [34], GeV [36], GeV [37], GeV [38],GeV
(13S1) 1− 1.9566 - 0.5443 0.4049 0.471 - 0.411 0.604 0.435
(11S0) 0− 2.2393 1.994 0.5839 0.4844 0.498 0.528 ± 0.019 0.412 0.607 0.432
(23S1) 1− 1.2018 - 0.4083 0.3038 0.356
(21S0) 0− 1.2605 1.144 0.4185 0.3472 0.355
(33S1) 1− 1.0083 - 0.3634 0.2703 0.326
(31S0) 0− 1.0399 0.944 0.3693 0.3064 0.325
(43S1) 1− 0.9138 - 0.3381 0.2515 0.308
(41S0) 0− 0.9358 0.8504 0.3423 0.284 0.307
(53S1) 1− 0.8553 - 0.3208 0.2387 0.308
(51S0) 0− 0.8726 - 0.3423 0.2688 0.307
(63S1) 1− 0.8148 - 0.3077 0.2289 0.308
(61S0) 0− 0.8293 - 0.3105 0.2576 0.307
Table 4 Radial wave function at origin and decay constant of hybrid Bc mesons .
Meson JP My Calculated without correction with correction
State |R(0)|2, GeV3 fp, GeV fp, GeV
(13S1) 1− 0.2061 0.163 0.1213
(11S0) 0− 0.2533 0.1807 0.1499
(23S1) 1− 0.2942 0.191 0.142
(21S0) 0− 0.3426 0.206 0.1709
(33S1) 1− 0.3391 0.2015 0.1499
(31S0) 0− 0.3797 0.2131 0.1768
(43S1) 1− 0.3658 0.2059 0.1532
(41S0) 0− 0.3991 0.215 0.1783
(53S1) 1− 0.3834 0.2077 0.1545
(51S0) 0− 0.4111 0.215 0.1784
(63S1) 1− 0.3972 0.2085 0.1551
(61S0) 0− 0.4206 0.2145 0.178
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Table 5 Annihilation decay, total decay width, life-time and branching ratio of pseudo scalar Bc mesons
.
Annihilation Total decay width life time ß(b→ X) ß(c→ X) ß(anni.)
State 10−12 ,GeV 10−12, GeV sec % % %
cs
(11S0) 0.0732 1.49 0.4418 58 36.9 4.9
(21S0) 0.0416 1.458 0.4514 59.4 37.7 2.8
(31S0) 0.0345 1.451 0.454 59.7 37.9 2.4
(41S0) 0.0311 1.448 0.455 59.9 38 2.1
(51S0) 0.0291 1.446 0.455 60 38 2
(61S0) 0.027 1.444 0.456 60 38 1.9
τντ
(11S0) 0.0411 1.4576 0.45 59.5 37.7 2.8
(21S0) 0.0234 1.44 0.457 60 38 1.6
(31S0) 0.0195 1.436
(41S0) 0.0176 1.434
Table 6 Comparison of annihilation decay, total decay width, life-time and branching ratio of pseudo
scalar Bc mesons .
Annihilation Total decay width life time ß(b→ X) ß(c→ X) ß(anni.)
State 10−4 ,eV 10−4, eV sec % % %
cs
(11S0) 0.732 14.9 0.4418 58 36.9 4.9
[16] (11S0) 1.17 19.17 0.344
[4] (11S0) 0.67 8.8 0.75 54 38 8
[2] (11S0) 1.4 14 0.47
[33] (11S0) 0.46
τντ (11S0) 0.0411 1.4576 0.45 59.5 37.7 2.8
Table 7 annihilation decay, total decay width , life-time and branching ratio of hybrid Bc mesons .
Annihilation Total decay width life time ß(b→ X) ß(c→ X) ß(anni.)
State 10−12 ,GeV 10−12, GeV sec % % %
cs
(11S0) 0.0084 1.425 0.462 60.8 38.6 0.6
(21S0) 0.014 1.428 0.461 60.7 38.5 0.98
(31S0) 0.0126 1.429 0.46 60.7 38.5 0.88
(41S0) 0.0133 1.43 0.46 60.6 38.4 0.93
(51S0) 0.0138 1.43 0.46 60.6 38.4 0.96
(61S0) 0.014 1.431 0.46 60.6 38.4 0.98
τντ
(11S0) 0.0048 1.421 0.46 61 38.7 0.3
(21S0) 0.0065 1.423 0.46 60.9 38.6 0.45
(31S0) 0.0072 1.424
(41S0) 0.0076 1.424
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